uring cerebral aneurysm clipping, a common technique for reducing intraaneurysmal pressure and preventing premature aneurysm rupture is temporary clipping (TC) of the feeding arteries. However, its use has some limitations such as timing-related cerebral ischemia, thromboembolic stroke, and vessel injury, especially in atherosclerotic vessels. TC is not feasible in some circumstances: for example, when treating a large or deepseated aneurysm for which visualization of the proximal artery is difficult or impossible. Accordingly, adenosineinduced cardiac arrest (AiCA) has slowly gained interest as an alternative option for the decompression of an aneurysm in such situations prior to permanent clip application.
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Several studies have determined the safety of AiCA on perioperative and immediate postoperative outcome. 3, 4, 16 However, the impact of AiCA on the use of TC, intraoperative aneurysm rupture (IAR), and radiographic outcome remains unclear.
The aims of the study were to compare the TC time, postoperative cerebral infarction rate, and IAR rate between patients treated with and without AiCA during intracranial aneurysm surgery.
Methods

Patients and Radiological Data
A retrospective matched-cohort study was conducted. There were 250 cases of AiCA among 568 patients who underwent microsurgical clipping between 2005 and May 2013 in the Helsinki University Hospital medication database. For the purposes of this study and to review the full-length microsurgery intraoperative videos, we had to limit the cohort to patients treated after August 2010. The cases of all patients (n = 80) who received adenosine during microsurgical clipping between August 2010 and May 2013 were analyzed. This study was approved by the local university hospital's ethics committee.
After excluding 15 patients who underwent AiCA to control bleeding from IAR, the remaining 65 patients who received adenosine as an alternative to TC were included (Group A). For the control group, we randomly selected another 65 patients who underwent primary microsurgical clipping over the same study period (Group B). Our matching criteria included age, aneurysm location, size, rupture status, and Fisher grade at presentation. For matching purposes, patients in Group A were classified by aneurysm location into 4 groups-internal carotid artery (ICA), anterior cerebral artery (ACA), middle cerebral artery (MCA), or posterior circulation-and further classified as having ruptured or unruptured aneurysms. We tried to matched the number of aneurysms in each location and the characteristics of Group A to Group B. Our final study population consisted of 130 patients with a total of 130 aneurysms.
Radiological Characterization
All radiological images and official reports were available from the hospital's digital archiving system (IMPAX version 6.5.5.1608; Agfa). The diameters of the aneurysm dome and neck and the aneurysm maximal diameter were recorded. The presence of calcified ICA was also recorded to determine if it is a predictor of using adenosine for atherosclerotic ICA. Brain MRI was performed on patients with suspected postoperative stroke, otherwise all the patients would have undergone routine postoperative CT and CT angiography to exclude postoperative hematoma and assess the parent vessels after clip reconstruction.
Operative Data and Outcome
We evaluated overall TC time, number of TC episodes per case, average TC time per episode, and longest TC time per episode in both groups. We then determined the occurrence of IAR, particularly while deploying TC. In Group A, the reason for adenosine application was reviewed as well.
Impact on radiological outcome was evaluated by using immediate and delayed postoperative CT to determine postoperative cerebral infarction. We classified postoperative infarction into 2 categories: 1) infarction along the parent vessel territories; or 2) lacunar infarction characterized by a focal hypodense area in a perforator territory adjacent to the feeding vessels.
Statistical Analysis
We estimated that a total of 100 patients would be required to have an 80% chance of detecting a betweengroup difference in TC time greater than 120 seconds at a 5% level of significance. We report normally distributed data as the mean ± SD or median (range) and categorical data as the frequency and percentage. The differences between groups were assessed by the chi-square test and unpaired 2-tailed t-test. Statistical significance was set at p < 0.05, and all statistical analyses were carried out using IBM SPSS Statistics for Macintosh (version 24.0).
Results
Patients and Aneurysms
There were 65 patients in each group. The mean age was 55 ± 13.1 years (range 21-79 years) in Group A and 59 ± 11.6 years (range 28-89 years) in Group B. The demographic data and radiological characteristics are summarized in Table 1 . There were no significant differences between the groups in age, Fisher grade at presentation, median aneurysm size, rupture status, aneurysm location, or calcification in the ICA. Group A consisted of 29 ICA aneurysms, 16 posterior circulation aneurysms, 14 ACA aneurysms, and 6 MCA aneurysms. Of the 29 ICA aneurysms, 20 aneurysms were ophthalmic aneurysms, 8 were posterior communicating artery aneurysms, and 1 was an ICA bifurcation aneurysm.
In Group A, 68% of aneurysms (44 of 65) were unruptured. Of 44 patients with unruptured aneurysms, 35 (80%) patients underwent clipping under AiCA alone compared with only 5 of 21 patients (24%) with ruptured aneurysms that were clipped under AiCA alone (OR 12.444; 95% CI 3.591-43.131; p < 0.001).
Of the 65 aneurysms in Group A, 46 (70%) were treated between 2012 and 2013, while 24 (37%) were treated over the same period as Group B.
Reason for Adenosine Use
The main reason for adenosine administration was to avoid extensive bone drilling for proximal vessel exposure for TC (41.5%), particularly for ICA aneurysms (66.7%). Furthermore, we used adenosine in patients with an atherosclerotic ICA, a factor clearly associated with the presence of a calcified ICA on radiography (OR 5.7; 95% CI 1.005-32.904; p = 0.029). We used AiCA in the contralateral approach, which is difficult to achieve proximal control. For ACA aneurysms, the vast majority of AiCA procedures were used to minimize aneurysm dissection. For large anterior communicating artery aneurysms, we administered adenosine in addition to using TC. Only 6 patients with MCA aneurysm received adenosine, and the main reason was to minimize feeding vessels and aneurysm dissection. In 16 patients with posterior circulation aneurysms, we administered adenosine to avoid extensive bone work for TC in 6 cases (38%), instead of TC in 5 cases (31%), and because the aneurysm was small in 4 cases (25%) ( Table 2) .
Dosage of Adenosine and Cardiac Complications
Among 65 patients, 36 patients (55%) received a single adenosine bolus, whereas 29 patients received multiple boluses. The median dose for a single bolus was 30 mg (range 5-50 mg). The median total dose of multiple boluses was 90 mg (range 30-470 mg). The median number of boluses was 2 (range 2-10). Only 1 patient who received four 25-mg boluses of adenosine had atrial fibrillation.
One patient who received 470 mg of adenosine in 7 boluses had prolonged hypotension. No instances of postoperative myocardial infarction were observed in these patients, although during admission 7 patients were found to have raised cardiac troponin T levels due to subarachnoid hemorrhage.
Impact on TC and IAR
AiCA significantly minimized the use of TC. In 40 Group A patients, clipping was performed with AiCA alone and in 25 (38%) clipping was performed in combination with TC compared with 60 patients (92%) in Group B in whom TC was used (OR 0.052; 95% CI 0.018-0.147; p < 0.001).
In Group A, IAR occurred in 1 patient (1.5%) compared with 4 patients (6.1%) in Group B, even though this difference was not statistically significant (OR 0.238; 95% CI 0.026-2.192; p = 0.171). In both groups, no instance of IAR occurred during the deployment of a pilot clip.
There were significant differences in TC time between the 2 groups. Group A required a shorter mean total TC time (2.04 vs 4.46 minutes; p < 0.001), lower mean time per episode (1.10 vs 3.07 minutes; p = 0.001), and fewer TC episodes per case (p < 0.001). The difference between the longest mean TC time per episode was also statistically significant (1.27 minutes for Group A vs 3.33 minutes for Group B; p < 0.001).
Postoperative Radiological Outcome
The postoperative infarction rate (lacunar infarction, parent vessel thrombosis, or both) was not significantly different between the 2 groups. Postoperative lacunar infarction occurred in 4 patients (6.2%) in both groups (p = 1.0). In Group B, 1 patient (1.5%) had postoperative infarction along the parent vessel territory compared with 2 patients (3%) in Group A (p = 0.559) ( Table 3 ).
Discussion
Several studies have shown the successful use of AiCA during intracranial aneurysm surgery. This technique was primarily used to control bleeding due to IAR. Recently, this strategy was also used as an adjunct to treat large, deeply located, and complex aneurysms without IAR. 3,5, 11-13, 18,20,21 AiCA is relatively safe, and the literature shows that it has not been associated with perioperative cardiac morbidity. 3, 5, 16, 24, 25 Bebawy et al. showed that AiCA was not associated with poor neurological outcome assessed using the modified Rankin Scale score as an indicator.
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To the best of our knowledge, our study is the first to compare the impact of AiCA on surgical technique during aneurysm surgery. We also compared TC time, incidence of IAR, and radiological outcome using the postoperative cerebral infarction rate between the 2 cohorts.
The majority of patients in Group B were operated on before 2012, whereas the majority of patients in Group A were operated on after 2012. This is probably because we have increasingly used AiCA as an alternative to TC since 2012. Since 2003, AiCA has been used during IAR at our institution, but the concept of using AiCA as an alternative to TC was developed in 2006 for complex an- Our results demonstrated that we prefer to use adenosine for small and unruptured aneurysms, as these aneurysms can usually be visualized in their entirety. Thus, these aneurysms can be clipped with low risk of IAR without TC, but with AiCA, in our experience.
This study also indicated a higher propensity to use adenosine for paraclinoid aneurysms and posterior circulation aneurysms because proximal control is difficult to achieve and extensive bone work is usually required to expose the parent vessel for TC. The clipping of ophthalmic artery aneurysms frequently requires anterior clinoidectomy to achieve proximal control. In our practice, tailored anterior clinoidectomy is preferably done by removing the necessary amount of bone that provides just enough space for the proximal blade of the clip. 28, 32 Using AiCA combined with tailored anterior clinoidectomy can simplify the surgery and help prevent unnecessary bone work (Fig.  1) . Likewise, proximal control of basilar artery bifurcation aneurysms that are below the sellar floor through the subtemporal approach might require the additional removal of the petrosal apex. 2, 15, 33 This surgical procedure requires extensive bone work and prolongs the operative time. With AiCA, we can clip basilar artery bifurcation aneurysms as soon as we identify the aneurysm neck without the need to identify the basilar artery (Fig. 2) .
Clipping a posterior circulation aneurysm is technically challenging due to the narrow operative corridor. To achieve proximal and distal control of these aneurysms, extensive microsurgical dissection would be required, which might risk perforator injuries, and TC might obscure the direction of pilot clipping. Therefore, small posterior circulation aneurysms, when the aneurysm's dome and neck can be visualized well, could be clipped with AiCA and this might lower the risk of IAR.
TC is useful for decompressing the aneurysm sac, and a temporary arterial occlusive time as long as 15-20 minutes is considered safe. 6, 8, 9, 14, 17, 19, 22, 23, 30, 31 However, some reports have found an association between poor neurological outcome and the use of TC. 4 Therefore, we try to minimize the use of TC by using AiCA instead-for example, when clip adjustment is needed or TC obscures the direction of final clip application.
Moreover, this study showed an additional indication for the use of AiCA. For patients with ICA aneurysms, the presence of calcified ICA on preoperative CT angiography deters us from applying TC to the parent vessel. We prefer intraoperative adenosine because TC of the atherosclerotic vessel might cause atherosclerotic plaque rupture and result in thromboembolic events.
For most complex aneurysms, coordinated use of AiCA with TC provides further aneurysm sac decompression. We use AiCA to minimize surgical dissection in some situations. For example, our technique for clipping an MCA bifurcation aneurysm is focused opening of the sylvian fissure.
7 This technique allows a narrower clipping field than a wide sylvian opening. Once the clipping field is prepared, the aneurysm's neck is identified, as well as the frontal and temporal branches of the insular segment of MCA (M 2 ), and the aneurysm can be clipped under AiCA without proximal control. Exposing the sphenoidal segment of MCA (M 1 ) to achieve proximal control requires further sylvian dissection, which potentially increases the risk for iatrogenic brain injury. Likewise, we can use AiCA to clip a pericallosal artery aneurysm when dissection toward the proximal pericallosal artery is difficult.
The drawback of using the contralateral approach to clip a contralateral ICA aneurysm is the deep and narrow surgical corridor (Fig. 3) . Moreover, the contralateral optic nerve obscures the proximal ICA, resulting in difficult TC. Andrade-Barazarte et al. reported our institution's experience of using AiCA in the contralateral approach as an alternative to TC and achieving good postoperative outcomes. 1 Our results emphasize the safety of AiCA because cardiac complications are infrequent and self-limiting. Atrial fibrillation and prolonged hypotension were also reported in previous studies with a relatively low incidence and resolved spontaneously. 3, 5, 16, 27 The duration of hypotension that occurs subsequent to transient systole might be associated with the dose of adenosine.
The current study indicated a lower IAR rate for Group A (1.5%) compared with Group B (6.1%), although the difference was not statistically significant. Moreover, AiCA can minimize the use of TC, total TC time per case, and temporary occlusive episodes, as well as the longest TC time per episode.
Posterior circulation aneurysms are associated with worsened neurological outcome after aneurysm surgery. 9, 10, 26, 29 Our results revealed low postoperative infarction rates in both study groups, even though the study population had a higher ratio of posterior circulation aneurysms. In 3 cases (2%) in the entire series, iatrogenic occlusion of the parent vessel or prolonged TC time could have been responsible for postoperative infarction along the parent vessel territory. We also noted that cerebral vasospasm was likely responsible for postoperative lacunar infarction, as these patients are more likely to present with aneurysmal subarachnoid hemorrhage.
Limitations
This was a retrospective study, and therefore the exact reasons for using AiCA during surgery might have varied, and in some cases there could have been multiple reasons to use AiCA.
